Lasing action is observed in random medium of colloidal CdS/ CdSe/ CdS quantum wells ͑QWs͒ at 77 K. Sharp lasing peaks appear over a broad spectral range as pumping power increases. The lasing threshold is around 3 W / cm 2 , which is much lower than that of other random or nanocrystal laser systems. Such improvement in lasing threshold opens the door to practical applications of QW random laser. The characteristic cavity length is determined by the Fourier transform of the lasing spectrum. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2119423͔ Colloidal semiconductor nanocrystals, or quantum dots ͑QDs͒, are very attractive for light emitting applications, such as fluorescent tagging and lasing.
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That means QWs have large absorption cross section and suppressed nonradiative Auger process, therefore, we hope to find stronger gain and lower threshold lasing in such system.
It is well known that semiconductor QW lasers can operate with a much lower threshold current, much narrower laser linewidth, and higher efficiency than the bulk semiconductor lasers. Today the most efficient commercial diode lasers are made of multiple QWs. However, the fabrication processes of the planar QWs are complicated and the defects and strains formed within the QWs, which hinder their wide applications. On the other hand, colloidal QDs have the advantages of high emission quantum yield ͑QY͒ and easily tunable emission wavelengths. Recently, colloidal CdS/ CdSe/ CdS QW structures were fabricated by chemical synthesis, 7 and their light emission and emission dynamic properties were studied. 5, 6 Berezovsky et al. have recently investigated the spin dynamics and quantum size levels in such systems and found the electron g factor varies as a function of quantum well width. 8 Such colloidal QW nanocrystals have a lower band gap layer ͑CdSe͒ sandwiched between a higher band gap core ͑CdS͒ and an outer CdS shell. The spherical QW nanostructure studied here combines the promising characteristics of both two-dimensional planar QW and zero-dimensional colloidal QD. In this letter, we show that such colloidal QWs can be used as a strong gain medium for observing lasing action, and the threshold pump intensity required to achieve such lasing action is much lower than that in other laser systems. [9] [10] [11] The QW structure used in this work is one monolayer ͑ML͒ CdSe grown between the CdS core and an outer shell ͑4 ML thickness͒ synthesized by a successive ion layer adsorption and reaction technique with accurate control over the well width. Detail sample syntheses can be found in Ref. 7 . For lasing action measurements, the samples were prepared by spin coating colloidal QW solution ͑toluene͒ onto a clean silicon wafer. Thin films ͑ϳ200 nm thickness͒ are formed on silicon wafer. The sample was mounted inside a microcryostat with a controllable temperature between 77 K and room temperature. Photoluminescence ͑PL͒ spectrum of the QW sample was measured by using a frequency-doubled ͑400 nm͒, mode-locked ͑ϳ1 ps͒ Ti:sapphire laser ͑repetition rate 82 MHz͒ as an excitation source. Optical pump was achieved by using a cylindrical lens to focus the laser beam into a stripe of 2 mmϫ 50 m onto the sample ͑perpendicu-lar to the sample surface͒. The emitted light was collected by the same lens and directly projected into a spectrometer, and then detected by a photomultiplier tube detector. peak is red-shifted with respect to the lowest absorption band. Insets of Fig. 1 present a transmission electron microscopy ͑TEM͒ image of the QW nanocrystals ͑left͒ and a schematic diagram of the QW structure ͑right͒. The PL QY is measured to be approximately 39% at room temperature. The excitons in such QW structure are mainly confined inside the CdSe well, which results in an improved photochemical stability and high QY. Analogous to planar QWs, the strong confinement of charge carriers within the embedded CdSe region leads to well-separated electronic states. In order to confirm this, we investigated the PL dynamic properties of the QW sample. The PL lifetime is measured by a timecorrelated photon-counting system. Figure 2͑a͒ is an example of the PL decay curve from the CdSe QWs. The PL signal decays exponentially with a lifetime of 13.6 ns at room temperature ͑longer than that of ϳ8 ns in CdSe QDs͒ and the PL lifetime shortens when the QW sample is cooled down, as shown in Fig. 2͑b͒ . The measured temperature dependence of the lifetime shows typical characteristics of twodimensional QW system. In the same temperature range ͑77-300 K͒, the PL lifetime of CdSe QDs is independent of temperature based on a three-level model. 12, 13 Other PL properties of such colloidal QW structure were presented in Refs. 5 and 6.
Lasing action in the colloidal QW samples has only been observed in certain low temperatures. This may be due to the low medium gain in such QWs at room temperature. At 77 K, the PL spectrum is a single broad spontaneous emission peak with a width of around 40 nm at low excitation intensity ͑1.5 W / cm 2 ͒, as shown in curve ͑a͒ of Fig. 3 . As the excitation intensity increases to 3.5 W / cm 2 , discrete structures ͑width ϳ4 nm͒ emerge in the emission spectrum ͓curve ͑b͔͒. When the excitation intensity increases further, more and narrower peaks appear in the PL spectrum. The sharp peaks become stronger and narrower as the pump intensity increases ͓curves ͑c͒ and ͑d͒ in Fig. 3͔ , indicating lasing behavior in this random colloidal QW medium as demonstrated and characterized previously in powders of ZnO crystals. 9 The typical linewidth of these sharp emission peaks at high pumping intensity ͑5 W/cm 2 , ϳ1.2 pJ/ pulse͒ is approximately 0.2 nm ͓curve ͑d͒ of Fig. 3͔ , which is narrower than the linewidth of 0.4 nm in ZnO random laser 10 or 0.8 nm in nanocrystal laser 14 with much higher pumping intensity. Figure 4 displays the emission intensity of the central peak ͑around 528 nm͒ as a function of the pumping intensity. Clear threshold behavior is evident as the pumping intensity increases. The observed threshold intensity ͑ϳ3.0 W / cm 2 , ϳ0.8 pJ/ pulse͒ is several orders of magnitude smaller than that of other lasers, such as ZnO random laser ͑ϳ1 MW/cm 2 ͒. 9, 11 Sharp peaks at other wavelengths show similar threshold behavior. Such a low threshold lasing is probably due to high PL QY and suppressed nonradiative Auger processes within colloidal CdS/ CdSe/ CdS QWs. Our previous work shows that light emission with QWs can be easily saturated. 5 That means QWs have large absorption cross section, and carrier inversion is possible. The feedback for lasing in our system is expected to be due to scattering from CdSe clusters. As many clusters are formed during the deposition of colloidal QWs, these clusters with sizes of tens of nanometers to a few micrometers act as scattering centers for the emitted PL light to form optically closed loops, which are essential for the lasing action in such a random medium. Here, colloidal CdSe QWs serve as both gain medium and scattering centers.
One interesting question is why there are so many sharp peaks across a broad spectrum at high pumping intensity, as shown in curve ͑d͒ of Fig. 3 . By Fourier transforming the emission spectrum the typical cavity lengths ͑or closed loops͒ of the random laser can be determined, as demonstrated in Ref. 15 . Figure 5 is the Fourier transform of the curve ͑d͒ in Fig. 3 , which shows peaks with a well-defined space of about 14 m. These peaks can be considered as higher harmonics of the quantity nD / 2, where n is the refractive index of the medium and D is the diameter of the cavity of the random lasing medium ͑assume the closed loop to be a circle͒. Given the refractive index n = 2.5, we can deduce the typical cavity length D to be about 11.2 m, which is much shorter than the typical cavity diameter for the ZnO nanorods random laser ͑D =46 m͒.
11 The higher harmonics in Fig. 5 can be considered as light traveling multiple times through the typical closed loop and partially scattered out after each closed-loop trip in this random medium.
There are two key factors in a laser system: gain medium and cavity. It is clear that colloidal QWs are a better gain medium than QDs or ZnO. For example, the QY of the CdSe QW sample used is about 39% comparing to the QY of ZnO of about 0.6%, 16 and the emission lifetime of CdSe QWs is at least 50% longer than that of CdSe QDs, which are both favorable for lasing action. Due to such stronger gain feature, lasing can occur with a much shorter cavity length than other random medium reported earlier. 11 It is because of such a strong gain in CdSe QWs, we are able to observe such many lasing peaks across the broad spectrum, corresponding to the laser outputs going through multiple round trips in the random medium. This shows the superior performance of the colloidal CdSe QW random laser over other random laser systems since the current system has a much lower lasing threshold, narrower linewidth, and higher gain efficiency with more lasing peaks over a broader spectral range. In summary, clear experimental evidence of random lasing action was observed in colloidal CdS/ CdSe/ CdS QWs at 77 K. Threshold intensity, as low as 3 W / cm 2 , was demonstrated with picosecond pulses as the excitation source and the lasing action can be seen in a broad spectral range, indicating efficient gain and suppressed Auger processes in such colloidal CdSe QW system. The typical cavity length of the random laser was determined by Fourier transforming the lasing spectrum. These results provide a proof of principle for lasing in a random medium of colloidal QWs and should motivate further development of colloidal QW-based laser. Due to the unique properties of the two-dimensional spherical QWs in such nanostructure, efficient and high performance random lasers can be built. Such type lasers with many emission lines and lower lasing threshold may have practical applications in many fields of science and technology, such as label identification, search and rescue application.
